Abstract The use of alcohol by women during pregnancy is a continuing problem. In this review the behavioral effects of prenatal alcohol from animal models are described and related to studies of children and adults with FASD. Studies with monkeys and rodents show that prenatal alcohol exposure adversely affects neonatal orienting, attention and motor maturity, as well as activity level, executive function, response inhibition, and sensory processing later in life. The primate moderate dose behavioral findings fill an important gap between human correlational data and rodent mechanistic research. These animal findings are directly translatable to human findings. Moreover, primate studies that manipulated prenatal alcohol exposure and prenatal stress independently show that prenatal stress exacerbates prenatal alcohol-induced behavioral impairments, underscoring the need to consider stress-induced effects in fetal alcohol research. Studies in rodents and primates show long-term effects of prenatal and developmental alcohol exposure on dopamine system functioning, which could underpin the behavioral effects.
Introduction
The influence of alcohol consumption during pregnancy on offspring has received widespread research attention since early reports that prenatal alcohol exposure can have devastating and persistent consequences (Clarren and Smith 1978; Jones and Smith 1973) . Alcohol passes freely across the placenta and enters the fetal circulatory system (Waltman and Iniquez 1972) . Due to low activity of alcohol dehydrogenase to metabolize the alcohol, the fetus is compromised in its ability to eliminate alcohol, which can persist in amniotic fluid (Brien et al. 1983) . Fetal alcohol syndrome (FAS) is the most widely known outcome of heavy drinking during pregnancy. Diagnostic criteria for FAS require symptoms in three areas: distinct craniofacial characteristics, prenatal and/or postnatal growth retardation, and evidence of central nervous system (CNS) dysfunction, including cognitive and behavioral deficits (Jones and Smith 1973) . Fetal alcohol spectrum disorders (FASD) is a term used to include children who fail to meet the FAS criteria but show deficits linked to prenatal alcohol exposure (Riley and McGee 2005) .
This review focuses on behavioral data from animal models and the relationship of these findings to clinical studies of children and adults with FASD. Rodent findings that parallel those from human epidemiological studies are included as well as experimental studies of prenatal alcohol exposure performed in macaque monkeys. First, an overview of the several important interacting variables that influence how a given individual will respond to prenatal alcohol exposure is presented. Next, the advantages and disadvantages of animal models of FASD are described followed by a review of the early primate studies, foundational work for current studies with rhesus macaques. Finally, a review is presented of prenatal alcohol effects in animal studies on four behavioral domains affected by FASD -neonatal behavior, attention and hyperactivity, sensory processing, and cognitive behavior, all translatable between humans and animal models. Following an examination of these behavioral facets of prenatal alcohol effects, a brief discussion of these results with respect to underlying dopamine brain function will be offered.
Developmental Plasticity and Multiple Risk Factors
Early life experiences such as fetal alcohol exposure do not occur in isolation. Prenatal alcohol exposure can interact with numerous other factors in a complex mutuallyinfluential process to determine individual outcomes. Thus, prenatal alcohol exposure is considered as a risk factor interacting with other variables within the context of the developing organism. This complex bi-directional dynamic process can influence both concurrent and later outcomes.
This viewpoint of development as a bi-directional dynamic process with risk factors considered as probabilistic rather than deterministic is held broadly by developmental psychologists (see Cicchetti and Rogosch 1996; Rutter and Sroufe 2000; Sameroff 2000 , for a review). Based on the importance of mutual influence among combined risk factors, other risk factors that can affect the teratogenicity of alcohol and the probability of fetal alcohol-related effects are considered in this paper. Some of the factors shown to be influential in both human and animal studies include dose and timing of exposure, polydrug use, exposure to environmental toxicants, stressrelated hormones and certain genetic variants. Maternal age, parity, socioeconomic status, nutrition, and postnatal parental care are also possible interacting risk factors (Abel and Hannigan 1995) .
In this paper the potential interactions of prenatal stress and certain genetic polymorphisms with prenatal alcohol exposure are examined. A growing body of animal studies suggests that prenatal stress can exacerbate prenatal alcohol effects (Roberts et al. 2004; Schneider et al. 1997 Schneider et al. , 2002 Schneider et al. , 2004 Schneider et al. , 2008 . Fetal alcohol exposed children are often conceived within the context of a stressful environment, given that many women use alcohol to cope with stress. In humans, prenatal stress has been linked to a range of adverse outcomes that are similar to those of fetal alcohol exposure, including lower birth weight, developmental delay, temperamental unadaptability, poor infant stress regulation and later depression, anxiety disorder, ADHD and criminology (Beijers et al. 2010; Wadhwa 2005; Van den Bergh and Marcoen 2004) . Animal models of prenatal stress and prenatal alcohol exposure afford the opportunity to manipulate prenatal alcohol exposure and prenatal stress as separate independent variables in an experimental design.
It is also useful to consider genetic variants that might moderate vulnerability to prenatal alcohol effects (Kraemer et al. 2008; Schneider et al. 2009 Schneider et al. , 2011 . Brookes et al. (2006) found evidence that the 10-repeat allele polymorphism in the 3′-untranslated region (UTR) of the dopamine transporter gene (DAT1) mediated the effects of maternal alcohol use during pregnancy in children. Rodent studies have shown differential susceptibility of mouse strains to alcohol effects (Boehm et al. 1997; Chernoff 1980; Giknis and Damjanov 1980) . Given the high incidence of mental health issues in individuals with FAS (Streissguth et al. 1996) , some studies have focused on a specific genetic variant in both humans and rhesus monkeys, the short (s) allele of the serotonin transporter gene linked polymorphic region (5HTT-LPR) (Caspi et al. 2003) . This genetic variant is considered to reflect developmental plasticity, such that individuals with this particular heightened biological sensitivity to context might be more vulnerable to negative events but have a greater capacity to benefit from positive environmental influences, a potentially important consideration for intervention studies (Boyce 2007; Boyce and Ellis 2005) . Findings with macaque monkeys have shown that prenatal and genetic conditions work together to induce certain behavioral outcomes, whereas, one factor or the other alone might not lead to the outcome (Kraemer et al. 2008; Schneider et al. 2009 Schneider et al. , 2011 . These types of findings underscore the idea that the number and type of risk factors can be more useful in predicting and understanding offspring outcomes than consideration of either risk factor by itself.
Importance of Animal Models
Animal models provide randomization to prenatal conditions, rigorous experimental control over numerous potentially confounding variables as well as control of the dose and timing of the alcohol exposure. Animal models have the advantage of un-confounding multiple factors by manipulating them independently. By contrast, causal conclusions are difficult to reach in human studies due to the clustering of negative events. For example, alcohol consumption and smoking tobacco often go hand-in-hand, and alcohol use usually affects nutrition intake in people. However, in order to relate animal models to human development the relative states of brain development at times of alcohol exposure need to be carefully considered.
Mammalian brains have a growth spurt of neurogenesis, followed by a period of neuronal migration and synaptogenesis. During neurogenesis, neurons are generated which subsequently migrate to specific sites, after which they grow axons and dendrites forming networks and structures. Hence the timing of alcohol exposure in relation to the developing neural system can profoundly affect the behavioral outcomes.
Most animal models of gestational alcohol effects have been conducted in rodents because of economy and short periods of maturation. Alcohol is often administered to the neonatal rat to model the third trimester of human pregnancy, in terms of brain development. In humans, the third trimester is characterized by rapid neuronal growth and cell proliferation, and is thought to be a sensitive period for alcohol-related effects on the CNS. In rats, the "brain growth" spurt extends into early postnatal period (Dobbing and Sands 1979) occurring approximately between one and ten days of age (West 1993 ) (see Fig. 1 ). Thus, neuronal systems present at birth in the human develop postnatally in the rat. Accordingly, exposure to alcohol during the early neonatal period in the rodent is used to model alcohol exposure during the third trimester brain growth spurt in humans (Slawecki et al. 2004) .
Primate studies have the benefit of gestational characteristics and early development that are more similar to humans than are rodents, including slow fetal growth, long gestation (23-24 weeks), single birth, and slow postnatal growth rate. Rakic (1988) carefully mapped the three broad phases of brain development in rhesus monkeys: generation of neurons, neuronal migration, and synaptogensis. Rakic suggested that, in both humans and rhesus monkeys, cortical neurons are generated near the surface of the cerebral ventricle during early gestation (0 -gestation day 40). After their last division, postmitotic cells produced within the proliferation zones migrate along radial glial fascicles and enter the developing cortical plate, forming ontogenetic columns (gestation days 40-70/100) (Rakic 1995) . By gestation day 112, the developing cortex has its full complement of neurons. The phase of rapid synaptogenesis, which occurs synchronously in the somatosensory, motor, and association areas (Zecevic and Rakic 1991) begins at gestation day 112 and continues to the third month postnatally (Bourgeois and Rakic 1993) . Hence prenatal alcohol timing can be studied in rhesus monkeys in a way that allows it to be closely homologous to the human.
The shorter life span of monkeys, compared with humans, makes longitudinal studies easier to conduct with monkeys than with humans but more difficult than with rodents. Primate models afford greater generalization to humans than rodents with regard to complex behavior and social development as well as the brain architecture and function that underlies higher cognitive processes (Suomi and Higley 1991) . Primate models also afford the opportunity to assess prenatal alcohol effects on complex behaviors while examining neural underpinnings of the behavioral deficits that parallel those found in human clinical studies. At the same time rodent models are most appropriate when exploration of physiological mechanisms is the goal.
Early Primate Studies
Prenatal alcohol exposure has received limited study in nonhuman primates, despite the advantages of primate models. Most early studies used small samples and employed wide variations in dose, method of dosing (voluntary consumption or other) and gestational timing of alcohol administration. In addition, the assessments of infant outcome were not extensive but rather focused mainly on infant viability.
In a pioneering study, Elton and Wilson (1977) offered an orange-flavored alcohol solution to four pig-tailed macaques (Macaca nemestrina) before conception and throughout pregnancy. Three monkeys drank little and produced apparently normal infants while the fourth monkey consumed a high dose of alcohol throughout pregnancy and produced a hyperactive and tremulous infant. Jacobson and colleagues (1980) administered alcohol orally to two crab-eating macaque (Macaca fascicularis) monkeys. One animal consumed 5.4 g/kg/day for the last 40 days of pregnancy, producing a small infant that was hypotonic (low muscle tonus) and slower in motor performance than control monkeys. The second monkey From "Comparative aspects of the brain growth spurt," J. Dobbing and J. Sands, 1979, Early Human Development, 3, p. 81. Copyright Elsevier 1979 . Reprinted with permission consumed alcohol during the first 60 days of pregnancy and produced an infant that was normal in size but showed delays in visual pursuit. Altshuler and Shippenberg (1981) administered alcohol to pregnant rhesus macaques by indwelling intragastric cannulae. In two pregnant females blood alcohol concentrations (BAC) was maintained at 200 mg/dL and both aborted in the first trimester. Lower alcohol exposure, <150 mg/dL, appeared to allow viable pregnancies. Clarren and colleagues (1987) were the first to use a range of doses in a large sample. They administered alcohol orally by gavage once weekly to 54 adult female pig-tailed macaques in doses of 0.3, 0.6, 1.2, 1.8, 2.5, 3.3, or 4.1 g/kg as a model of binge drinking. Blood alcohol concentrations varied from 24±6 mg/dL at the 0.3 g/kg dose (comparable to human light social drinking) to 549±71 at the 4.1 g/kg dose (comparable to the human very heavy binge consumption). An increased rate of spontaneous abortion was found at alcohol dose at or above 1.8 g/kg (mean BAC for the dose was 205 mg/dL). Five of six animals (83%) had pregnancy failure at doses above 2.5 g/kg (mean BAC for the dose was 250 mg/dL) compared with 50% pregnancy failure rate in the colony, while 100% of the pregnancies failed at 4.1 g/kg/dose (BAC over 500 mg/dL). Scott and Fradkin (1984) administered high dose alcohol daily (maximum dosage of 4 or 5 g/kg in divided doses at 8 am and 5 pm) by gavage to 16 female crab-eating macaques yielding 33 pregnancies. Fourteen female controls were untreated or were given a sucrose solution equal in calories. There were high rates of fetal loss in this study: 38% for animals administered 4 g/kg/day and 67% for those administered 5 g/kg/day. Interestingly, controls showed 29% fetal loss, compared with the authors' expectations of approximately 10% in their laboratory. They proposed that the increased fetal loss in controls was due to stress from the gavage treatment by unfamiliar personnel on weekends. While there was no effect of the prenatal alcohol treatment on the gestation length of viable pregnancies, reductions in birth weights, head circumferences and crown-rump length were reported in prenatal alcohol-exposed offspring. This study also included behavioral observations of the animals in their home cages and when separated from their mothers. The authors reported that the general well-being, alertness, and locomotor activity of the alcohol-exposed infants were indistinguishable from controls. Because this study did not employ rigorous behavioral assessments, the lack of behavioral findings is not informative. Moreover, the apparent lack of behavioral findings in this study in which mothers were administered high dose alcohol under stressful conditions (gavage) yielding reduced birth weights and head circumferences and increased fetal loss in control subjects (compared to the colony at large) underscored the need at that time for more rigorous measures of early behavior and for experiments in which alcohol exposure can be separated from prenatal stress exposure. Clarren and Bowden (1982) developed an intermittent binge model of prenatal alcohol exposure in which precise behavioral assessments were conducted that parallel those used with human infants. In their first study, 4 pig-tailed macaques were given 2.5 g/kg weekly doses by gavage from 30-40 days after conception through delivery. Three animals were given "moderate" dosage (2.5 g/kg, comparable to six drinks) weekly and one animal was given a "high" dosage (4.1 g/kg, comparable to ten drinks) weekly. The moderate-dose infants were normal in facial morphology while the high-dose animal showed a flattened philtrum, wide nose and retrusive maxilla, similar to the human FAS facial anomalies. To assess neonatal behavioral integrity the infants were separated from their mothers after birth and infant reflexes were tested in a way analogous to tests of human infants. The moderate dose (2.5 g/kg/week) alcohol-exposed infants had normal neonatal assessments at day 10 and typical motor development. The high dose (4.1 g/kg/week) alcohol-exposed animal had limb and oral reflex delays and retardation of audiovisual response and delayed motor development. Moderate dosed monkeys were mildly delayed on an object permanence test, while the high dose infant was profoundly impaired on the task, performing like a 22-day old infant at 116 days of life (Clarren and Bowden 1982) .
In a follow-up study, animals were given alcohol once weekly (1.8 g/kg) by gavage during the first 3 or 6 weeks or for the entire 24 weeks of pregnancy. Eighty-nine breedings in 27 adult female pig-tailed macaques (with no unusual history of negative pregnancy outcomes) yielded 35 pregnancies . Seven of 28 (25%) of the pregnancies exposed to alcohol aborted, whereas none of the seven confirmed pregnancies in the control group resulted in abortion. Viable infants were assessed for behavioral and cognitive function. While animals in the 3-week exposure group did not differ from controls, the small sample size in this study precludes conclusions that these animals were unaffected. Moreover, one subject in this group showed numerous impairments (poor cognitive and motor performance and distractibility).
Those in both 6-week and 24-week exposure groups showed delays in a battery of memory and learning tasks administered in the Wisconsin General Test Apparatus (Harlow 1959) . The 24-week monkeys required significantly more trials to reach criteria on the cognitive tasks. Both the 6-and 24-week exposure groups also failed to show a preference for novel over familiar objects on a visual recognition memory assessment sensitive to risks for cognitive deficits (Gunderson et al. 1989) . Typically developing macaques show robust novelty preference by one month of age (Brickson and Bachevalier 1984) . Uncoordinated walking and difficulty climbing a ramp were seen in alcohol exposure for 6-and 24-weeks compared with controls. Moreover, the 6-and 24-week exposed monkeys appeared to be equally likely to show negative outcomes, suggesting that prenatal alcohol-induced damage persisted after later abstinence ).
Summary Despite wide variations in dose, timing, and methods of administration of alcohol in early primate studies of fetal alcohol effects, it is clear that high dose alcohol during pregnancy produces significant behavioral impairments in primate offspring. These impairments include hyperactivity, hypotonicity, delayed visual pursuits and retardation of audiovisual responses, slow motor development and impaired cognitive performance. Even moderate dose alcohol exposure administered via gavage, produced high fetal loss and significant behavioral impairments. The latter finding provides support for the notion that prenatal stress could exaggerate prenatal alcoholinduced effects. Moreover, these early studies showed the need for rigorous measures of behavior that are translatable between humans and animal models.
Domains Affected by Prenatal Alcohol Exposure

Neonatal Behavior
Human Studies Neonatal behavior, characterized by rapid neuromotor development, increased state regulation, and emerging attentional capabilities is linked to the maturation of neural pathways and is considered a direct reflection of CNS functioning and integrity (Als 1986) . The best-known and most widely used research tool for assessing human neonates is the Brazelton Newborn Behavioral Assessment Scale (NBAS) (Brazelton 1973) . Fetal alcohol exposed human infants were lower than non-exposed infants on arousal on the NBAS, showed lower peaks of excitement and state lability, and demonstrated less of the full range of awake to crying states (Jacobson et al. 1984; LandesmanDwyer et al. 1978; Oberlander et al. 2010; Streissguth et al. 1983) . Coles et al. (1985) found sub-optimal reflexes in human neonates at 3 days of age who had been exposed to alcohol during the second and third trimesters. Infants exposed through the third trimester were less able to maintain an alert and attentive state during testing and showed more negative reactions to interactions with the examiner. Infants exposed at any time during pregnancy scored lower on motor maturity and had higher activity levels in comparison to non-exposed neonates. Human neonates from alcohol-exposed pregnancies were also found to show abnormal suckling, and this was demonstrated even after in utero exposure to only moderate level self-reported doses of alcohol, or social drinking. Infants were also found to take longer to initiate suckling on a nonnutritive nipple, and their suckling pressure was reduced (Martin et al. 1979) .
Using the NBAS Streissguth et al. (1983) found that fetal alcohol exposed neonates showed deficits in habituation, or reduced responses to repetitive or redundant stimulation. Habituation is considered to be a protective mechanism given the multitude of stimuli in the environment and lack of habituation later in infancy is a strong predictor of cognitive delay (Fagan and Singer 1983) . Poor habituation to environmental stimulation is also consistent with the Coles et al. (1985) finding of reduced ability to cope with stimulation by the examiner. Lack of habituation may reflect abnormalities in the maturation of neural pathways modulating or gating sensory stimulation. Finally, Oberlander et al. (2010) found that fetal alcohol-exposed neonates showed lower heart rate variability and reduced cortisol response to an acute noxious event (heel lance for medical blood sample) suggesting blunted behavioral and physiological responses to noxious stimuli. Similarly, Fifer et al. (2009) found lower heart rate variability in active sleep in fetal alcohol exposed neonates. Lower heart rate variability is associated with poor attention, greater CNS dysfunction and worse developmental outcomes (Fox and Porges 1985) .
Primate Studies More recent primate studies of alcohol exposure and neonatal behavior have used a standardized version of the Brazelton Newborn Assessment Scale adapted for use with nonhuman primates (see Schneider et al. 2006 , for a review), This assessment combines items into subscales that parallel the factors in the human NBAS (Coe et al. 2010; Schneider et al. 1991 ). The test assesses a variety of attention, neuromotor and temperamental responses and characteristics that mature across the first month of life in rhesus macaques as are assessed in the NBAS for humans (Schneider and Suomi 1992) . For example, orientation items consist of ratings of orienting to visual and auditory stimuli as well as duration of looking behavior. Motor functions assess coordination, response speed and reflex items. Ratings of irritability and consolability are based on behavior noted during the administration of orienting and neuromotor items, as in the human NBAS.
Schneider and colleagues (1997) exposed rhesus macaque monkeys to moderate dose prenatal alcohol and used the standardized primate version of the NBAS. Schneider et al. (1997) defined moderate dose alcohol exposure in these studies in accord with Dawson et al. (1995) , who classified moderate drinkers as those who consumed 4-14 drinks per week. The female breeders in these studies voluntarily drank a dose (0.6 g/kg/day) comparable to one or two drinks per day for an average-sized woman, yielding blood alcohol concentrations of 20-50 mg/dL. Voluntary alcohol consumption un-confounds the potential stress of gavage from prenatal alcohol exposure. Female breeders in the colony were pre-screened for willingness to consistently consume a 0.6 g/kg/day artificially sweetened alcohol solution and then were randomly assigned to prenatal conditions: (1) alcoholexposed (0.6 g/kg/day) throughout gestation (from breeding to birth), (2) prenatal stress-exposed (10-minute removal from home cage and exposure to three short, <1-second noise bursts randomly administered over a 10-minute period, 5 days per week during gestation days 90-145), (3) prenatal stress in combination with prenatal alcohol exposure, as described above, and (4) a control group that consumed a sucrose sweetened solution with the same caloric content as the alcohol solution throughout gestation (Schneider et al. 1997) .
Macaque monkey infants exposed to moderate prenatal alcohol during pregnancy showed reduced orientation (visual orienting and attention) and lower motor maturity (muscle tone and coordination) in comparison to controls across four assessment time-points (Schneider et al. 1997 ). This occurred even though the infants were normal in birth weight, gestation length, and apparent facial dimensions. These findings provide a striking parallel to the human effects from prenatal alcohol exposure on neonatal behavior. But because of random assignment and elimination of confounding variables, the primate model adds force to causal interpretations of the effects of alcohol exposure in humans.
The effects of prenatal stress alone and in conjunction with prenatal alcohol exposure help inform interpretation of the human work. The results showed that males exposed to the combination of prenatal alcohol and prenatal stress condition had reduced birth weights, and both males and females from the prenatal alcohol in combination with prenatal stress condition showed slower response speed and worse coordination than controls. Thus prenatal stress was found to exacerbate alcohol-induced motor impairments. Interestingly, although alcohol-consuming and control females all produced viable offspring, alcohol accompanied by prenatal stress resulted in 23% fetal losses versus 5% fetal loss in the laboratory (Schneider et al. 1997) .
Not all monkeys exposed to alcohol prenatally showed impairments, of course. A genotype-based reanalysis of neonatal behavioral data asked whether prenatal alcohol exposed monkeys carrying the short length polymorphism in the serotonin transporter gene promoter (rh-5HTT-LPR) region would differ from prenatal alcohol exposed monkeys carrying two copies of the long polymorphism (Kraemer et al. 2008) . In humans and rhesus monkeys, the cellular effects of having the s/s or s/l combination of alleles of the 5HTT-LPR gene, by comparison with l/l, include reduced gene transcription (Heils et al. 1997) . In mice, it is known that the 5HTT-LPR genotypes influence the early patterning of the brain through effects on neurite growth, migration, and synaptogenesis . A significant interaction between genotype and prenatal alcohol exposure on neonatal irritability was found such that prenatal alcohol-exposed monkeys carrying the short rh-5HTT-LPR alleles were more irritable and difficult to console during the infant testing. These animals also showed a higher surge of adrenocorticotrophic hormone (ACTH) in response to the stress of weaning at 6 months of age (see Fig. 2 ). Scores on neonatal irritability predicted hormone measures of stress responsiveness (ACTH) at 6 months of age, showing that the behavioral and neuroendocrine effects of prenatal alcohol exposure lasted beyond infancy (Kraemer et al. 2008) .
Reduced neonatal orientation and motor maturity replicated in a second primate study of moderate dose alcohol consumption (Schneider et al. 2001a) . In this study, female breeders were randomly assigned to: (1) early alcohol exposure, in which mothers voluntarily consumed the alcohol solution (0.6 g/kg/day) on gestation days 0-50; (2) mid-to-late gestation exposure, in which mothers consumed the alcohol solution gestation days 50-135; (3) continuous alcohol exposure, in which mothers consumed the alcohol solution gestation days 0-135; and (4) controls, in which mothers consumed an isocaloric control solution during pregnancy. This study showed that early gestation alcohol exposure was as deleterious to neonatal behavior as late gestation or continuous exposure. Interestingly, scores on the primate neonatal behavioral assessment were a more sensitive marker of early gestation alcohol exposure than were the growth parameters of birth weight or crown-torump length. The finding that early gestation alcohol exposure had adverse effects on neurodevelopment raises the possibility that subtle neurodevelopmental effects might be induced even before pregnancy is detected in social drinkers.
At the University of Wisconsin-Madison Harlow Primate Laboratory the standardized neonatal assessment has been used in a variety of research projects for approximately 20 years. A laboratory-wide comparison of neonatal scores showed that the largest impairments overall were seen in the monkeys from prenatal alcohol exposure compared with the other prenatal conditions (Coe et al. 2010 ) (see Fig. 3 ). More specifically, neonatal test scores for 413 rhesus monkey neonates from 7 different types of pregnancies were compared: 177 undisturbed controls, 35 handled controls, 16 dexamethasone-or betamethasone-treated, 33 Similarly, these two groups had the most aberrant Sensory Sensitivity scores, although infants from the Dex-treatment and Prenatal Stress conditions were also impacted (lower right). In contrast, the prenatal infection paradigm resulted in trend for scores to be shifted in the opposite direction. Asterisk (*) indicates significant difference from Undisturbed Controls; dot (⋅) indicates a difference from Handing Disturbance control pregnancies. From "Challenges to maternal wellbeing during pregnancy impact temperament, attention, and neuromotor responses in the infant rhesus monkey," C. L. Coe, G. R. Lubach, H. R. Crispen, E. A. Shirtcliff, and M. L. Schneider, 2010, Developmental Psychobiology, 52, p. 631. Copyright 2010. Reprinted with permission influenza virus-treated, 100 prenatally stressed, 13 ACTHtreated and 39 prenatal alcohol-exposed. In all conditions the animals were reared by their biological mothers. Prenatal alcohol exposed infants had the worst state control (increased irritability and emotional reactivity during testing) and lowest orientation (low visual orient and attention) across the seven pregnancy conditions. Prenatal alcohol-exposed monkeys also showed reduced sensory scores (indicating high aversion to tactile stimuli) compared with controls and other conditions.
Primate neonatal behavior has the most relevance to humans. But it is still very important to consider rodent neonatal behavior, in part because there are many more rodent studies in the literature. Also, if analogous results can be established across mammalian species from human to nonhuman primates to rodents, then the rodent work can be interpreted more confidently as having relevance to humans.
Rodent Studies
Data from rodent models has shown that directly after birth animals prenatally exposed to ethanol have longer latencies to attach to the nipple of an anesthesized female dam Riley and Rockwood 1984) . Also, chronic neonatal alcohol exposure increased latency to attach and decreased time on the nipple of an anesthetized female (Barron et al. 1991) . After being separated from their dam and conspecifics, neonatal alcohol-exposed rodents took longer to vocalize and displayed fewer isolation-induced ultrasonic vocalizations (Barron et al. 2000) . Since vocalizations elicit maternal attention and retrieval, a reduction of vocalization could have important implications for the pups in terms of social development and nutritional intake. Furthermore, vocalizations play an important role in social behaviors, such as aggression, play, maternal-infant behavior, and social communication, other behaviors also adversely affected by prenatal and/or neonatal alcohol exposure (Brudzynski 2005) .
Summary The most pronounced neonatal findings from the animal studies include lower orienting, attention, arousal and motor maturity in primate studies and reduced suckling and increased latency to attach to the nipple and to vocalize in rodent studies. These animal findings are directly translatable to findings, which include low arousal, attention, motor maturity and abnormal suckling in human neonates. The animal findings, because they are experiments, add strength to causal interpretation of fetal alcohol effects in humans. The primate studies showed that early gestation alcohol exposure was as deleterious to the neonatal behavioral outcome as late or continuous gestation exposure. Also, more severe behavior effects were shown in primates exposed to both prenatal stress and prenatal alcohol, underscoring the importance of consideration of multiple risk factors in fetal alcohol research.
Hyperactivity and Attention
Human Studies Attention deficits and hyperactivity are considered hallmark features of FASD in children Crocker et al. 2011; Fried et al. 1992; Kooistra et al. 2010; Lee et al. 2004; Mattson and Riley 1998; Nanson and Hiscock 1990; O'Malley and Nanson 2002; Streissguth et al. 1986 ). Activity and attention can be measured by standardized parent report, as a clinical diagnosis of ADHD, and in laboratory tasks that require attention and inhibitory control (executive control). Surprisingly, some studies found little evidence of hyperactivity and impulsivity in prenatal alcohol-exposed children (Coles et al. 1997 (Coles et al. , 2002 . For example, Burden and colleagues (2005) found no association between prenatal alcohol exposure and focused or sustained attention. Instead, working memory was found to be the most important aspect of attention adversely affected by prenatal alcohol exposure. Moreover, these negative effects on working memory were more severe for children of mothers aged 30 or older. Kooistra and colleagues (2010) tested inhibitory control in children with FASD compared with ADHD children. Most (29/30) children with FASD also met criteria for ADHD, however, data on alcohol use during pregnancy were not available from mothers of children from the ADHD or control groups. Both FASD and ADHD children had sustained attention deficits on the Continuous Performance Test. The Go/No-Go task, however, differentiated the groups in that children with ADHD had problems in slow-paced sustained attention tasks (large inter-stimulus intervals) while children with FASD struggled in fast-paced tasks. These data suggest that children with FASD may have problems with speed of processing, overstimulation or activation regulation.
Primate Studies Studies with primates have measured activity by laboratory observations during cognitive tasks requiring attention and inhibition of motor activity. Overall, studies in primates parallel findings with humans: prenatal alcohol exposure produces hyperactive and distractible offspring. For example, Elton and Wilson (1977) reported hyperactivity in a pig-tailed macaque from a high dose voluntary drinking experiment. Clarren and colleagues (1992) reported increased distractibility as a result of weekly "binge" alcohol administration in macaque monkeys compared with non-exposed monkeys. colleagues (1997, 2001a, b) reported that monkeys exposed to moderate level alcohol during pregnancy showed reduced attention as neonates and monkeys exposed to alcohol in combination with prenatal stress were rated as higher on activity level than non-exposed monkeys during cognitive testing. Higher scores on irritability, activity, stereotypies and impulsivity were correlated with more trials to reach criterion on a non-match-to-sample task cognitive task (Schneider et al. 2001b ).
Rodent Studies In rodents, there are several ways of measuring behavior thought to be related to the higher activity levels, attention and executive control problems seen in children. For example, rodent activity can be measured by the open field test in which movements are detected by photobeams and automatically recorded. Exploratory activity is measured with an apparatus with holes in the floor where an animal can dip its head (Abel and Berman 1994) . Most, but not all rodent studies have demonstrated increased activity (Abel and Berman 1994; Bond 1981; Meyer and Riley 1986; Ulug and Riley 1983) , with results depending on the age at testing, method of testing, and pattern of alcohol exposure. For example, Downing et al. (2009) failed to find effects from prenatal alcohol exposure (3 g/kg) administered on gestational days 7 through 18. Others found that neonatal exposure, corresponding to third trimester exposure in human brain development, was the time of greatest vulnerability to alcohol-induced overactivity (Dursun et al. 2006) . Moreover, the strain of the rat may play an important role in developmental outcome. Exposure to binge-like alcohol during early gestation produced high activity in rats bred for high alcohol sensitivity but not for those bred for low alcohol sensitivity (Thomas et al. 1996) . Furthermore, age at testing matters. When tested at weaning age, early neonatal alcohol exposure induced greater hyperactivity in rats bred for alcohol preference compared with nonalcohol-preferring rats (Riley et al. 1993 ), but effects on the two groups were equal when tested in adulthood (Melcer et al. 1995) .
Summary Attention deficits and hyperactivity are hallmark features of FASD in children, and many children with FASD meet criteria for ADHD. In animal models, alcoholinduced hyperactivity and distractibility depend upon the pattern and timing of alcohol exposure, method of testing and age of the animal at testing. These findings echo the theme of multiple risk factors associated with prenatal alcohol exposure, including temporal vulnerability, dose and patterns of alcohol exposure, and age of the mother.
Sensory Processing Disorders and Habituation
Human Studies Adolescents with facial dysmorphology typical of FAS showed less efficient processing of visual information compared with auditory processing (Coles et al. 2002; Mattson and Roebuck 2002) . Moreover, fetal alcohol exposed infants showed slower registration of auditory and visual stimuli, as measured by the cardiac orienting reflex and slower neurophysiological responses implicated in encoding environmental stimuli and initiating attention as well as higher levels of behavioral arousal compared with non-exposed infants (Jacobson et al. 1984; Kable and Coles 2004) . Taken together, these studies provide substantive evidence that children exposed to alcohol during pregnancy compared with non-exposed children have less efficient sensory processing based on parent rating scales and behavioral observations.
Using the standardized parent rating scale (Dunn 1999 ), children exposed to alcohol during pregnancy compared with typically developing peers were three times more likely to be classified as having clinically significant sensory processing problems (Jirikowic et al. 2008) . Sensory processing disorders are regulatory disorders characterized by atypical responses to non-noxious sensory stimulation (Ayres 1972) . A core deficit in sensory processing disorders is difficulty suppressing irrelevant sensory stimuli and showing inappropriately high aversive behavioral responses to those stimuli, including lack of habituation (Baranek and Berkson 1994; Davies et al. 2009; McIntosh et al. 1999; Miller et al. 1999a; Parush et al. 2007 ). In children, sensory processing disorders are measured by parent report on standardized scales (Dunn 1999) , by standardized clinical assessments such as the Miller Assessment for Preschoolers and the Sensory Integration and Praxis Tests (Ayres 1989; Miller 1988) and by laboratory procedures involving exposure to repeated sensory stimulation while the child is engaged in a task.
Primate Studies Primate studies have employed an assessment of tactile sensory responsivity for monkeys, using a procedure adapted from human studies of sensory processing disorder (Baranek and Berkson 1994; McIntosh et al. 1999) . Human laboratory studies of sensory processing disorder administer repeated trials of tactile stimuli to the face and rate touch-aversive behaviors. In an analogous primate assessment, prenatal alcohol-exposed monkeys showed increased or exaggerated responses to sensory stimuli (Schneider et al. , 2009 , paralleling studies with children with fetal alcohol spectrum disorder (Jirikowic et al. 2008) . Specifically, monkeys exposed to alcohol throughout pregnancy, in comparison to non-alcohol-exposed monkeys, showed an exaggerated withdrawal response to repeated tactile stimuli when tested in adulthood ).
Rodent Studies
In rodent studies, habituation and sensory responsiveness can be measured by respiratory responses and cardiac orienting to repeated trials of a novel odor. Prenatal alcohol-exposed neonatal rats showed a tendency for requiring more trials to habituate to olfactory stimuli than controls (Barron and Riley 1992) . Neonatally alcohol-exposed rats also showed reduced habituation of the cardiac orienting reflex to a novel olfactory stimulus (Hunt and Phillips 2004) . Rats exposed to alcohol both prenatally and neonatally showed alcohol-related alterations in somatosensory cortex activity, measured with CFos immuno-reactivity (Lawrence et al. 2008 ) and decreased cellular density in the somatosensory cortex (Miller 1997; Popova 2004) . Finally, postnatal alcohol exposure induced hyperresponsiveness to mildly painful stimuli, measured by a tail flick test administered postnatally (Rogers et al. 2004) . Thus, there is evidence that prenatal or neonatal alcohol exposure alters sensory responsivity to tactile, auditory, visual and olfactory stimuli in rodent studies.
Summary Sensory processing problems have been shown in both standardized parent ratings and laboratory tests of auditory and visual processing in children exposed to alcohol during pregnancy compared with non-exposed children. Exposed children showed reduced attention and orienting as well as reduced habituation to repeated sensory stimuli and demonstrated exaggerated sensory responses to non-noxious stimuli. Recall that fetal alcohol-exposed human neonates showed reduced habituation to auditory and visual stimuli in comparison to non-exposed neonates (Streissguth et al. 1983 ) and showed reduced adaptability during the NBAS compared with non-exposed infants (Coles et al. 1985) . Primate studies used a laboratory assessment adapted from the human test and reported exaggerated aversive responses to non-noxious tactile stimuli in monkeys exposed to alcohol throughout pregnancy compared with non-exposed monkeys. Rodents developmentally exposed to alcohol not only showed reduced habituation to repeated sensory stimuli and hyper-responsivity to mildly painful stimuli but also alterations in somatosensory cortex activity and reduced cellular density in the somatosensory cortex, compared with non-exposed rats. The overall picture of reduced habituation to repeated stimulation as well as hyper-responsivity suggests that regulatory brain mechanisms may be impaired. Whether this goes beyond the findings of altered somatosensory cortex documented in rodents will be addressed in a later section.
Learning Task Performance
Effects on learning tasks have been well documented in human, primate, and rodent models of prenatal and/or neonatal alcohol exposure Coles et al. 1991; Mattson et al. 2010; Schneider et al. 2001b ).
Human Studies One of the primary effects of prenatal alcohol exposure in humans is poor school performance (Howell et al. 2006 ). In the search for the core deficits responsible, researchers have come to emphasize failure of "executive control" (Coles et al. 1997; Green et al. 2009; Kodituwakku et al. 1995; Mattson et al. 1999 Mattson et al. , 2010 Rasmussen and Bisanz 2009; Vaurio et al. 2008) . Executive function refers to voluntary planned behavior that requires the representation of the goal in working memory as well as the inhibition of task-inappropriate responses. Measures of executive function and spatial processing are particularly sensitive to prenatal alcohol exposure (Mattson et al. 2010) . Deficits in an aspect of executive function termed cognitive flexibility, the ability to attend to multiple criteria at the same time and to shift attention during a task, has been shown in prenatal alcohol exposed children (Coles et al. 1997; Kodituwakku et al. 1995; Jacobson 1998; Mattson et al. 1999; Schonfeld et al. 2001) . The brain areas thought to be involved in executive function tasks are primarily the basal ganglia and prefrontal cortex, part of the frontal-striatal loop (Casey et al. 1997) .
Primate Studies As mentioned earlier, learning task performance was measured in study of 3-6-and 24-week prenatal alcohol exposed (1.8 g/kg/ week) pig-tailed macaques. The 24-week alcohol-exposed monkeys took two to three times more trials to criterion than controls on learning and memory tests in the Wisconsin General Test Apparatus. The 24-week exposure group searched twice as many boxes to locate the food reward on the Hamilton Search Task as controls .
Learning and memory in moderate dose alcohol-exposed monkeys at adolescence (32-to 34-month-old) was assessed using the nonmatch-to-sample task (NMS) in the Wisconsin General Test Apparatus (Harlow 1959; Schneider et al. 2001b) . The NMS task involves both working memory and executive control. It requires the monkey to learn the rule that the nonmatching or novel object conceals the reward, shift attention from the previously seen object to the novel one, and remember whether an object was seen on the immediately preceding trial (working memory). Animals were also tested with 30-, 60-, and 120-s delays. Testers blind to conditions also rated five behavior categories after each session: irritability, activity, stereotypies, inhibition, and impulsivity. Monkeys exposed to alcohol throughout pregnancy took significantly more trials to reach the learning criterion in the NMS task compared with non-exposed monkeys. However, their performance was not affected by the time delays after initial learning. The alcohol-exposed monkeys were also rated as more irritable during testing. The monkeys exposed to both prenatal alcohol exposure and prenatal stress were rated as higher on stereotypies and activity level. Further, higher scores on irritability, activity, stereotypies and impulsivity were correlated with worse performance (more trials to criterion) during task acquisition (Schneider et al. 2001b ). Thus, prenatal alcohol exposure, even at moderate levels, induced acquisition deficits on the NMS task and increased behavioral disturbances. Moreover, prenatal stress in combination with prenatal alcohol exposure induced more severe acquisition deficits and higher rates of behavioral stereotypy. These findings not only underscore the importance of evaluating prenatal alcohol exposure in the context of other risk factors in developmental outcomes but also show effects analogous to the executive control difficulties in children with FAS and FASD.
Rodent Studies Rodent learning tasks that measure some aspects of executive function or inhibitory control have been used to assess the cognitive effects of alcohol exposure. For example, most rodent tests of executive function focus on inhibitory control, including reversal learning and passive avoidance. Animals are trained to produce a response, after which they are tested on either their ability to inhibit the learned response in the presence of a negative stimulus (passive avoidance) or to learn the opposite response (reversal). Prenatally alcohol-exposed rodents have been found to be deficient in reversal learning in some studies (Lee and Rabe 1999; Mihalick et al. 2001) . Timing of alcohol exposure with respect to brain development may be one key factor. For example, Thomas and colleagues (1997) confirmed that exposure on postnatal day 6 resulted in reversal deficits in juvenile rats. O'Leary-Moore and colleagues (2006) found that prenatal exposure failed to impair reversal learning but confirmed that postnatal alcohol treatment (days 4-9) did.
For passive avoidance, prenatal exposure to alcohol resulted in deficits measured on postnatal day 18 or day 23 in females (Abel 1982; Barron and Riley 1990; Riley et al. 1979) as well as on postnatal day 50 (Abel 1982; Riley et al. 1979) . However, passive avoidance deficits did not to persist into adulthood (Abel 1982) . Again, the developmental timing of exposure appears to be important. Exposure during the entire gestational period or late gestation (gestation days 14-20) induced inhibition deficits while exposure on gestation days 7-13 did not ).
Summary Children with FAS and FASD show clear deficits in executive function and inhibitory control that are paralleled in both rodent and primate studies. Prenatal alcohol-exposed primates required more trials to reach the learning criterion on non-match-to-sample (executive function). Depending on the developmental timing, developmentally exposed rodents showed reduced response inhibition and impaired reversal learning.
Dopaminergic Underpinnings of Executive Function Effects of Prenatal Alcohol Exposure
Human Studies A decade of neuroscience research has explored the neurological underpinnings of prenatal alcohol effects, including poor response inhibition, executive function, attention, hyperactivity, and compromised sensory processing. Human studies in fetal alcohol exposed children compared with controls using MRI and Diffusion Tensor Imaging (DTI) have found deficits in overall brain size, abnormalities of grey and white matter particularly in the frontal lobes, abnormal development of the cerebellum, volume deficits in the basal ganglia, and increased cortical thickness (Astley et al. 2009; Chen et al. 2003; , 1999 , Riley and McGee 2005 Sowell et al. 1996 Sowell et al. , 2001 .
Frontal-striatal circuitry, which is dependent on dopamine (DA) function and involved in inhibitory control and executive function in humans, has been shown to be disrupted by fetal alcohol exposure (Crocker et al. 2011; Kodituwakku et al. 1995; Mattson et al. 1999; Sari et al. 2010) . Several lines of evidence suggest that hypofunction of the DA system may be related to the attention deficits and hyperactivity problems reported in children with FASD. For example, a reduction in the DA metabolite homovanillic acid in cerebrospinal fluid has been found in children with ADHD (Shaywitz et al. 1977) . Moreover, the caudate nucleus, one of the major DA output areas, is disproportionately smaller in both ADHD and FAS children (Castellanos et al. 1994; Mattson et al. 1994) . DA system regulation and alterations in behavioral function produced by DA dysregulation could contribute to the high prevalence of mental health problems in individuals with FASD (Nestler et al. 2002; Streissguth et al. 1996) .
Primate Studies Experimental animal studies show that prenatal alcohol exposure can cause permanent changes in brain DA function, which, in turn, could underlie behavioral deficits. Clarren's group, working with pig-tailed macaques, found dose-dependent prenatal alcohol effects on striatal dopamine (DA) neurochemistry (Astley et al. 1995) . There was a negative correlation between offspring striatal DA (measured by tritiated spiroperiodol) and maternal blood alcohol concentration in pig-tailed macaques exposed to high dose alcohol (Clarren et al. 1990 ). Also, groups receiving 2.5 g/kg/week dose and above also showed a 12% deficit in Purkinje cell numbers in the cerebellum (after sacrifice) but did not show discernable facial dysmorphology, indicating that neuronal damage can occur without the full FAS diagnosis (Bonthius et al. 1996) . Alcohol-treated pig-tailed macaques showed more axons in the corpus callosum than controls, suggesting that the pruning of callosal axons that normally occurs in developing macaques was partially blocked by prenatal alcohol exposure (Miller et al. 1999b ). Thus, the work from Clarren's group suggests that cognitive deficits could be induced by DA dysfunction in the striatum or by overabundance of axons and dendrites, presumably from interference with substances that regulate typical primate neuronal growth (Miller et al. 1999b ).
Schneider and colleagues (2011) examined dopamine and serotonin function in rhesus macaques exposed to moderate level alcohol during pregnancy compared with non-exposed monkeys. Serotonin and dopamine metabolites were measured in cerebrospinal fluid (CSF) during social separations from cage-mates for 3 days when they were 30 months of age. Monkeys exposed to alcohol during early or mid-to-late gestation and who carried the short variant of the serotonin transporter allele showed lower concentrations of the serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA) in CSF both at baseline and after separation from cage mates. A similar trend was found at baseline (preseparation) for the DA metabolite, homovanillic acid (HVA) (Schneider et al. 2011 ) (see Fig. 4 ). Although these are in vivo measures, a drawback is that the measurement of CSF metabolites reflects global CNS changes not linked to specific brain areas.
Using the same animals, DA system function was examined during adulthood with high-resolution positron emission tomography (PET) targeting dopaminergic receptor availability in the striatum (Roberts et al. 2004 ). Monkeys exposed to alcohol in combination with prenatal stress showed increased striatal D 2 R availability compared with non-exposed monkeys (Roberts et al. 2004 ) (see Fig. 5 ). This finding agrees with the findings for the DA metabolite, HVA. DA receptors upregulate when there is less DA in the synapse (Donnan et al. 1991) . Moreover, increased striatal D 2 R availability was positively associated with trials to reach criterion on the non-match-tosample cognitive task and negatively associated with tester's rating of behavioral inhibition during task performance (Roberts et al. 2004 ). Thus, these data provide evidence for a link between reduced inhibitory control and upregulated striatal DA receptor availability induced by prenatal alcohol exposure. These findings are consistent with those of Clarren and Bowden (1982) showing that DA receptor availability measured by tritiated spiroperiodol after sacrifice was significantly increased in the putamen in prenatal alcoholexposed pig-tailed macaques compared with controls.
Rodent Studies Both prenatal and neonatal alcohol exposure have been shown to disrupt the DA system, including a reduction in spontaneous activity in DA neurons, enhanced response to DA agonists and decreased DA metabolite homovanillic acid (HVA) in DA neurons (Choong and Shen 2004; Druse et al. 1990; Zhou et al. 2003) . Rodent studies provide some evidence that prenatal alcohol-induced DA system deficits might underlie some of the behavioral problems associated with FASD. For example, hyperactivity during early development can be produced by chemical depletion of midbrain DA neurons in neonatal rats (Erinoff et al. 1979; Shaywitz et al. 1976) or by administering alcohol prenatally (Bond 1984; Shaywitz et al. 1979 ). Of course, a variety of other neurological effects from developmental alcohol exposure have been documented in rodents, including adverse effects on the hippocampus, cerebellum, somatosensory cortex, and olfactory bulb (Barnes and Walker 1981; Bonthius et al. 1992; Gil-Mohapel et al. 2010; Hamre and West 1993; Maier and West 2001; Miller and Potempa 1990; Pierce et al. 1999; Uban et al. 2010 ). However, the DA system has been emphasized here because of its importance in executive and inhibitory control, areas that FASD children show marked deficits.
Summary Rodent and primate experimental studies provide evidence that prenatal alcohol exposure can produce permanent changes in brain DA function. Lower DA metabolism and upregulation of receptors may underlie some of the behavioral effects, including attention deficits and hyperactivity, sensory and motor deficits and compromised executive function shown in human, primate, and rodent studies. Primate studies using high resolution PET have shown increased striatal D2 receptor availability in monkeys exposed to the combination of alcohol and stress during pregnancy compared with nonexposed controls, which are likely to underlie behavioral effects. These rodent and primate findings are translatable to human findings of reductions of basal ganglia volume in people with FAS and suggest that reduced DA function may underlie frontal-striatal circuitry deficits in people with FASD.
Conclusion
Both human correlational and animal experimental research show altered function beginning in the neonatal period. Later in life deficits in attention and hyperactivity, sensory processing and habituation, executive function, and inhibitory control were shown as a result of prenatal alcohol exposure. Experimental data from rodent and primate studies, together with correlational data from humans, suggest that altered DA function may underlie some of the behavioral deficits observed in people with FASD. Moreover, primate studies show that the behavioral and dopamine effects can result from even moderate dose prenatal alcohol exposure, equivalent to approximately two drinks per day for an average size woman. In primates, the most severe effects of fetal loss and behavioral impairments were found under conditions either of high dose prenatal alcohol (greater than approximately 200 mg/dL) or when the developing fetus was exposed to both prenatal alcohol and prenatal stress. Both animal and human research suggests that some individuals may be more susceptible to the adverse effects of prenatal alcohol exposure due to their heritable predispositions. Finally, the primate moderate dose behavioral findings fill a translational gap between human correlation results and rodent research. In sum, this overview of behavioral outcomes of prenatal alcohol exposure in animal models and the relation of those phenomena to findings in humans shows clearly that attributing causality to prenatal alcohol exposure for at least some of the human phenomena is warranted.
